Legumes host their Rhizobium spp. symbiont in novel root organs called nodules. Nodules originate from differentiated root cortical cells that dedifferentiate and subsequently form nodule primordia, a process controlled by cytokinin. A whole-genome duplication has occurred at the root of the legume Papilionoideae subfamily. We hypothesize that gene pairs originating from this duplication event and are conserved in distinct Papilionoideae lineages have evolved symbiotic functions. A phylogenetic strategy was applied to search for such gene pairs to identify novel regulators of nodulation, using the cytokinin phosphorelay pathway as a test case. In this way, two paralogous type-A cytokinin response regulators were identified that are involved in root nodule symbiosis. Response Regulator9 (MtRR9) and MtRR11 in medicago (Medicago truncatula) and an ortholog in lotus (Lotus japonicus) are rapidly induced upon Rhizobium spp. Nod factor signaling. Constitutive expression of MtRR9 results in arrested primordia that have emerged from cortical, endodermal, and pericycle cells. In legumes, lateral root primordia are not exclusively formed from pericycle cells but also require the involvement of the root cortical cell layer. Therefore, the MtRR9-induced foci of cell divisions show a strong resemblance to lateral root primordia, suggesting an ancestral function of MtRR9 in this process. Together, these findings provide a proof of principle for the applied phylogenetic strategy to identify genes with a symbiotic function in legumes.
Most legumes (Fabaceae) can establish a unique endosymbiosis with nitrogen-fixing soil bacteria, collectively named Rhizobium spp.. Rhizobium spp. bacteria grant their hosts access to combined nitrogen. To achieve this, root nodules are formed, which are unique plant organs that provide optimal conditions for Rhizobium spp. to fix nitrogen. The Rhizobium spp.-legume symbiosis is set in motion by bacterial signal molecules, named Nod factors. Nod factors are perceived by plant-specific LysM domain transmembrane receptors, which in turn activate downstream signaling networks essential for nodule organogenesis (Kouchi et al., 2010) . Among the downstream signaling networks is the cytokinin phosphorelay pathway . How legumes have recruited such genes to function in symbiosis remains largely unknown. Recently, it was shown that legumes of the large Papilionoideae subfamily (papilionoids) underwent a whole-genome duplication (WGD; Cannon et al., 2006) . This duplication event occurred early in papilionoid evolution; it is estimated to have occurred 56 to 65 million years ago (Fawcett et al., 2009; Cannon et al., 2010) . Papilionoids represent all major legume crops, and Rhizobium spp. symbiosis is common to most of the approximately 13,000 species (Gepts et al., 2005) . We hypothesize that the papilionoid-specific WGD has contributed substantially to the makeup of root nodules in this subfamily, even though Rhizobium spp. symbiosis itself possibly evolved at an earlier time point (Fawcett et al., 2009; Cannon et al., 2010) . To test this hypothesis, we focused on the cytokinin phosphorelay signaling pathway.
The role of cytokinin signaling in root nodule symbiosis is demonstrated by physiological and molecular genetic studies. Early studies showed that, in some legume species, initiation of nodule organogenesis could be mimicked by external cytokinin application. For example, in alfalfa (Medicago sativa), lotus (Lotus japonicus), and white clover (Trifolium repens), the formation of nodule-like structures can be triggered with an architecture similar to Nod factor-induced nodules (Cooper and Long, 1994; Mathesius at al., 2000a; Heckmann et al., 2011) . In addition, in many legume species, it is shown that externally applied cytokinin leads to induction of symbiotic genes, which can also be activated by Nod factors . Genetic integration of the cytokinin phosphorelay pathway in Nod factor signaling is best demonstrated by gain-of-function and loss-of-function mutants of the His kinase cytokinin receptor (HK) LjLHK1/ MtCRE1 in lotus and medicago (Medicago truncatula). A functional LjLHK1/MtCRE1 gene is indispensable for nodule formation, and a dominant positive mutation in the receiver domain even leads to spontaneous nodule formation (Gonzalez-Rizzo et al., 2006; Murray et al., 2007; Tirichine et al., 2007; Ovchinnikova et al., 2011; Plet et al., 2011) . Spontaneous nodulation driven by the gain-of-function HK mutant requires other components of the Nod factor-induced signaling pathway (e.g. NSP2 and NIN), which highlights the intertwining of both networks. LjLHK1/MtCRE1 also functions in lateral root formation, indicating that the symbiotic activity of these HKs is derived from this nonsymbiotic process (Gonzalez-Rizzo et al., 2006; Murray et al., 2007; Tirichine et al., 2007; Plet et al., 2011) . Examples of cytokinin signaling related to root development are the control meristem size, cell differentiation, vasculature development, and lateral root primordium initiation (Bishopp et al., 2009 ). The latter process generally is considered to occur in the root pericycle, whereas in legumes root nodules, primordia are largely formed from root cortical cells (Laplaze et al., 2007; Crespi and Frugier 2008; Péret et al., 2009) .
The cytokinin phosphorelay pathway consists of four signaling components: HKs, phosphotransfer proteins (HPs), and two types of response regulators (RRs). Upon activation, HK phosphorylates an HP. Subsequently, the HP migrates to the nucleus and transfers the phosphate to a type-B RR, which in turn acts as a transcriptional activator. Among the primary targets of type-B RRs are so-called type-A RRs. Both RR types are homologous in sequence, although type-A RRs lack a putative DNA-binding domain. It is generally assumed that type-A RRs act as negative regulators of cytokinin signaling (Mü ller and Sheen, 2007) . In line with the symbiotic role of LjHK1/ MtCRE1, it can be anticipated that other components of the cytokinin phosphorelay pathway have also evolved to function in symbiotic signaling. One such gene is the A-type RR MtRR4, which functions downstream of MtCRE1 (Plet et al., 2011) .
In this study, the cytokinin phosphorelay components from three papilionoid legume species for which substantial genome information is available, namely medicago, lotus, and soybean (Glycine max), were analyzed to find gene pairs that were maintained from the papilionoid-specific WGD. We used as criterion that both gene copies should be maintained in all three legume species and that the timing of the duplication should match the WGD event. One such gene pair, encoding type-A RRs, was found. Functional studies revealed that these genes are transcriptionally induced upon Nod factor signaling in both medicago and lotus. For the medicago genes MtRR9 and MtRR11, we show that their induction depends on the nuclear localized calcium calmodulin kinase (CCaMK), which is a key element in Nod factor signaling (Lévy et al., 2004; Mitra et al., 2004a; Smit et al., 2005) . Ectopic expression of MtRR9 results in arrested lateral primordia that are associated with multiple cortical and pericycle cell divisions. These data provide a proof of principle for the phylogenetic strategy based on a legume-specific WGD to identify genes involved in Rhizobium spp. symbiosis.
RESULTS

One Gene Pair of Type-A RRs Is Maintained upon Papilionoid-Specific WGD
The genes encoding components of the cytokinin phosphorelay pathway are well characterized in Arabidopsis (Arabidopsis thaliana), which facilitated the identification of legume genes of this pathway (Supplemental File S1). To test whether some of these genes are specifically duplicated in papilionoid legumes, we performed a phylogenetic analysis to identify gene pairs that originate from the papilionoid-specific WGD (Supplemental Fig. S1 ). The genomes of three legumes, medicago, lotus, and soybean) and three nonlegumes, Arabidopsis, black cottonwood poplar (Populus trichocarpa), and grapevine (Vitis vinifera), were analyzed.
Only one clade displayed a legume-specific duplication maintained in all three legume species (Fig. 1) . This clade belongs to the type-A RR gene family and is referred to as orthology group 2.4 in Supplemental Figure S1 . To date this duplication, we used a maximum likelihood estimation based on the molecular clock hypothesis (Kimura, 1969) . The duplication was estimated to have occurred 61 million years ago, which falls within the confidence interval for the papilionoidspecific WGD (Fawcett et al., 2009) . Besides this duplication event, lineage-specific duplications occurred in all species investigated. In the cases of soybean and black cottonwood poplar, this is likely the result of more recent WGDs (Shoemaker et al., 2006; Fawcett et al., 2009; Schmutz et al., 2010) . The medicago type-A RR genes in orthology group 2.4 were named MtRR9, MtRR11, and MtRR17, the latter of which represents a pseudogene caused by a frame-shift mutation. The soybean genes were named GmRR1 to GmRR4, whereas nomenclature for lotus and black cottonwood poplar was adopted from the literature: LjRR4, LjRR6, LjRR8, Transcriptional regulation upon Nod factor application was tested to investigate whether the identified paralogous pair of RR genes could play a role in Rhizobium spp. symbiosis. To investigate the extent of Nod factor induction of type-A RR genes, we included all 12 medicago type-A RRs in this analysis. For six genes, expression in roots could be detected, of which three were transcriptionally activated 3 h after application of Sinorhizobium meliloti Nod factors, including MtRR9 and MtRR11 ( Fig. 2A; Supplemental Fig. S2 ). This suggests that both genes could have a function early in symbiotic signaling. Besides MtRR9 and MtRR11, MtRR8 was also strongly induced, whereas MtRR5 was down-regulated (Supplemental Fig. S2 ). MtRR8 is the putative ortholog of AtARR5 (Supplemental Fig. S1 ), a gene widely used as a cytokininresponsive marker in a diverse range of species, including legumes (D'Agostino et al., 2000; Lohar et al., 2004) . It is noteworthy that we did not find Nod factor-induced transcriptional activation of MtRR4, a type-A RR that is transcriptionally activated upon Rhizobium spp. inoculation within 24 h (Gonzalez-Rizzo et al., 2006; Plet et al., 2011) .
To determine whether the Nod factor-induced expression of the duplicated gene pair in orthology group 2.4 is conserved in legumes, we studied the expression of the orthologous lotus genes LjRR4, LjRR6, and LjRR8 (Fig. 1) . To this end, Nod factors of Sinorhizobium sp. NGR234, a symbiont of lotus, were applied to lotus roots for 3 h. This revealed that, in lotus, mainly LjRR6 is activated, which is in line with the findings in medicago, where the orthologous gene, MtRR9, also is most strongly induced (Fig. 2, A 
and B).
Because type-A RRs are primary targets of cytokinin signaling in Arabidopsis (To and Kieber, 2008) , we also studied the regulation of MtRR9 and MtRR11 upon cytokinin and Nod factor application in the presence of the protein synthesis blocker cycloheximide (CHX). Both genes were induced by cytokinin (6-benzylaminopurine [BAP] 10 28 M), also in the presence of CHX (Fig. 2C ). This is in contrast with Nod factor-induced expression, in which protein synthesis was essential for transcriptional activation of both RRs (Fig. 2C ). To further support that medicago type-A RR genes are targets of the cytokinin phosphorelay pathway, we isolated RNA from medicago roots transformed with the gain-of-function MtCRE1 construct (35S:MtCRE1* [L267F]), which causes spontaneous nodule formation (Ovchinnikova et al., 2011) . Quantitative reverse transcriptase (RT)-PCR on root RNA showed that, of all type-A RR genes, MtRR9 was most strongly induced and also that MtRR4, MtRR5, MtRR8, and MtRR11 were activated (Fig. 2D ). These results show that these five genes are indeed primary targets of cytokinin signaling downstream of MtCRE1 and suggest that their expression is under direct control of a type-B RR.
In legumes, Nod factor signaling is achieved by a conserved signaling pathway that contains several key proteins, including a nuclear localized CCaMK and two GRAS-type transcription factors, NSP1 and NSP2 (Mitra et al., 2004a; Kaló et al., 2005; Smit et al., 2005) . CCaMK, NSP1, and NSP2 are reported to be essential for the induction of nearly all symbiotic genes by Nod factors (Mitra et al., 2004b) . We studied the transcriptional regulation of MtRR9 and MtRR11 upon Nod factor application in the medicago Nod factor signaling knockout mutants Mtdmi3 (ccamk), Mtnsp1, and Mtnsp2 to determine whether induction depends on these key symbiotic genes. This revealed that the induction of MtRR9 and MtRR11 was dependent on CCaMK but could be triggered in both nsp mutants (Fig. 2E ). This suggests that Nod factor activation of the cytokinin phosphorelay pathway can occur independently from both GRAS-type regulators, resulting in bifurcation of Nod factor-induced signaling downstream of CCaMK. A similar bifurcation of Nod factor signaling downstream of CCaMK has also been shown in lotus (Madsen et al., 2010) . All together, these studies suggest that legume type-A RR genes have gained a function in Nod factor-induced root nodule formation.
MtRR9 Is Induced in the Nod Factor-Susceptible Zone
To study the symbiotic regulation of MtRR9 and MtRR11 in more detail, the spatial expression pattern of both genes was determined using GUS reporter constructs. For both genes, w2,500 bp upstream of the transcriptional start site was used as a putative pro- Figure 1 . Maintained duplication of type-A RR genes in legumes. Red star, Legume-specific duplication in this selection of orthology group 2.4 (complete tree of type-A RRs is shown in Supplemental Figure S1 ). Tree is constructed using maximum likelihood phylogeny (PhyML version 3.0; Anisimova and Gascuel, 2006) and branch support test from 1,000 bootstrap repetitions. Gm, Soybean; Lj, lotus; Mt, medicago; Pt, black cottonwood poplar. [See online article for color version of this figure. ] moter. In medicago roots, the nonsymbiotic expression pattern of pMtRR9::GUS was found exclusively in the root meristematic zone (Fig. 3, A and B). pMtRR11:: GUS was found not to be expressed in the meristem but in the epidermis, cortex, and endodermis of the differentiation zone, including the zone susceptible to Nod factors (Fig. 3 , E-G). Upon local application of Nod factors to the susceptible zone, theMtRR9 promoter activity was induced in all cell layers within 3 h (Fig. 3, C and D) . Such elevated expression in the epidermis and cortex was less obvious for pMtRR11:: GUS because nonsymbiotic expression was already present, and GUS is not very suitable for quantitative interpretations. However, upon application of Nod factors, the MtRR11 promoter was found to be elevated in the pericycle (Fig. 3, G and H) . In root nodules, both genes were found to be expressed in the apical region of differentiated nodules, a region similar to that observed for MtCRE1 expression (Fig. 3 , I and J; Plet et al., 2011) .
Based on this study, we conclude that upon symbiotic signaling, the spatial expression patterns of both genes largely overlap. The induction of MtRR9 upon Nod factor signaling in the epidermis, cortex, endodermis, and pericycle, and of MtRR11 in the pericycle of the susceptible zone before the occurrence of symbiotic cell divisions, suggests that both genes function in root nodule primordium formation. Because MtRR9 and its lotus ortholog LjRR6 are most strongly induced by Nod factors, MtRR9 is most strongly induced in 35S:MtCRE1*[L267F] roots, and MtRR9 is activated in the zone susceptible to Nod factors, we focused on MtRR9 for further functional studies.
Ectopic Expression of MtRR9 Results in Arrested Primordia
To investigate the role of MtRR9 in root nodule primordium formation, we conducted ectopic expression as well as RNA interference (RNAi) experiments. First, we made an RNAi construct to target MtRR9 and introduced it into medicago roots by Agrobacterium rhizogenes-mediated transformation. Because MtRR9 is highly homologous to MtRR11 as well as several other type-A RRs, we determined the specificity of this targeting construct. Therefore, the expression of all six root-expressed type-A RRs was quantified by RT-PCR. Analysis showed that this RNAi construct affects MtRR9 and MtRR11 but also MtRR5. The latter is the closest homolog of MtRR9 and MtRR11, although it (Fig. 4A) . We searched for a primordium formation phenotype in the RNAi plants and noted that the RNAi roots had approximately 33% fewer emerged lateral roots when compared with the wildtype plants (n = 46, Mann-Whitney U test, P , 0.05) (Fig. 4 , B and C). Inoculation of these RNAi roots also resulted in a decreased nodulation efficiency of approximately 33% of the average number of nodules per transgenic root (n = 37, Mann-Whitney U test, P , 0.05) (Fig. 4D) . These findings indicate that the type-A RR genes MtRR9 and MtRR11, and possibly MtRR5, are required both for nodule organogenesis and for lateral root formation. Next, we ectopically expressed MtRR9 in medicago roots using the constitutive cauliflower mosaic virus (CaMV) 35S promoter. For Arabidopsis, it is reported that ectopic expression of different type-A RRs results in the formation of more lateral roots (Ren et al., 2009) . Similarly, pCaMV35S::MtRR9-expressing medicago roots showed an increased number of emerged lateral roots (Supplemental Fig. S3) . Furthermore, such transgenic roots also contained primordia-like structures that were positioned in between emerged lateral roots ( Fig. 5A ; Supplemental Figs. S4 and S5). These could either represent arrested lateral root primordia or mimic de novo-induced root nodule primordia. Microscopic analysis of sections of these MtRR9-induced primordia showed that cell divisions had occurred in the pericycle, endodermis, and root cortex (Fig. 5B) . In medicago, such cell divisions can also be triggered by Nod factors (Timmers et al., 1999) , which might suggest that the MtRR9-induced primordia have a symbiotic nature.
To determine whether the capacity to induce such primordia is specific for legume type-A RR genes of orthology group 2.4, we conducted the same experiment with PtRR5, the putative ortholog of black cottonwood poplar. Transgenic medicago roots ectopically expressing PtRR5 also formed such primordia, although to a lesser extent (Supplemental Fig. S4 ). This indicates that the MtRR9-encoded protein has not specifically evolved to fulfill such function.
In contrast with medicago, lotus root nodule primordia originate from the middle and outer cortical layers (Szczyglowski et al., 1998; van Spronsen et al., 2001 ). To determine whether ectopic expression of MtRR9 can mitotically activate outer cortical cells, we introduced CaMV35Sp::MtRR9 into lotus roots. Also, lotus primordia are induced, as in medicago (Fig. 5D) . Sectioning revealed that in lotus, not only pericycle and inner cortical cells divided but also cells in the middle and outer cortical layers (Fig. 5E ). This shows that the location of MtRR9-induced cell divisions coincides with the spatial position of symbiotic divisions in the cortex. Furthermore, it indicates that there is not a specific function of MtRR9 dedicated to indeterminate-type nodulation.
The general view is that lateral root primordia develop from the pericycle and endodermal cell layers (Péret et al., 2009 ). However, for many species, including some legumes, it has been reported that cortical cell divisions can also accompany lateral root development (Tschermak-Woess and Dolezal, 1953; Mallory , 1970; McCully, 1975; Bryne et al., 1977; Casero et al., 1996; Mathesius et al., 2000b) . To better compare the MtRR9-induced primordia, we studied the involvement of cortical cells during lateral root primordium formation in lotus and medicago. In both species, we observed that the formation of a lateral root primordium in the pericycle cell layer is associated with cell divisions in the endodermal and cortical cell layers (Fig. 5, C and F) .Interestingly, in lotus, the cell divisions in the cortex were extended more to the outer cortical cell layers when compared with medicago, similar to what was observed upon Nod factorinduced nodule primordium formation (Szczyglowski et al., 1998; van Spronsen et al., 2001) . Because both species display root cortical cell divisions during lateral root formation, it suggests that ectopic expression of MtRR9 results in arrested primordia that are the result of activation of shared developmental programs essential for nodule as well as lateral root formation.
DISCUSSION
In this study, we present a phylogenetic strategy to identify genes originating from the papilionoidspecific WGD that have gained a function in Rhizo- Figure 4 . A, Quantification of root-expressed type-A RRs. Relative expression levels in medicago pooled control roots (empty vector) versus roots harboring the MtRR9-RNAi construct. Quantification was normalized using stably expressed reference genes MtGAPDH and MtPTB. Bars, SD of three technical repeats. B and C, Number of emerged lateral roots (B) and lateral root primordia (C) per transgenic root of medicago plants harboring either a control (empty vector) or the MtRR9-RNAi construct. An asterisk indicates that the difference in number of emerged lateral roots between control and MtRR9-RNAi is statistically significant (Mann-Whitney U test, P , 0.05). Error bars, SE (n = 46). D, Number of nodules per transgenic root of medicago plants harboring either a control (empty vector) or the MtRR9-RNAi construct. An asterisk indicates that the difference in nodule number between control and MtRR9-RNAi is statistically significant (Mann-Whitney U test, P , 0.05). Error bars, SE (n = 37). Two independent biological replicates were performed for all experiments (A-D). bium spp. symbiosis. To test this strategy, we focused on the cytokinin phosphorelay pathway because it is presumed to be an integrative part of Rhizobium spp.-induced signaling . A total of 22 orthology groups were investigated, which resulted in the identification of a single conserved gene pair originating from this WGD. We demonstrate that the encoded type-A RRs are part of the Nod factorinduced symbiotic signaling cascade. This shows that despite massive gene loss upon the WGD event that occurred early in the evolution of the papilionoid subfamily, duplicated gene pairs can be identified that have contributed to the evolution of the Rhizobium spp. symbiosis in this subfamily. Therefore, the presented phylogenetic approach can be a useful tool to identify novel genes that function in Rhizobium spp. symbiosis.
Type-A RRs are generally considered to be negative regulators of cytokinin phosphorelay signaling (Hwang and Sheen, 2001; Osakabe et al., 2002; Kiba et al., 2003 Kiba et al., , 2004 To et al., 2004; Hirose et al., 2007) . In accordance with this view, we hypothesize that MtRR9 and MtRR11 are also part of a negative feedback mechanism on the cytokinin phosphorelay signaling. Cytokinin plays a negative role in lateral root initiation, and it has been shown that Arabidopsis type-A RR mutants may fulfill a key function to control this inhibition Ren et al., 2009) . The function of MtRR9 as a negative regulator is based on the finding that ectopic MtRR9 expression results in more lateral roots, which is in line with similar findings for ectopic expression of type-A RRs in Arabidopsis and with the fact that lowered endogenous levels of cytokinin lead to a higher lateral root density (Laplaze et al., 2007; Nibau et al., 2008; Ren et al., 2009) . Furthermore, we observed an increased number of arrested lateral primordia. Besides its negative role in the initiation of lateral roots, cytokinin is known to regulate, antagonistically to auxin, the proper patterning of the embryonic root meristem (Mü ller and Sheen, 2008) . Whether similar genetic mechanisms regulate lateral root meristem development is unknown. We anticipate that ectopic expression of a negative regulator of cytokinin signaling may disturb proper lateral root meristem patterning, resulting in arrested lateral primordia.
In contrast with ectopic expression of type-A RR genes, type-A RR Arabidopsis mutants have fewer lateral roots, which reflect the negative role of cytokinin in lateral root initiation. Type-A RRs function redundantly because inhibitory effects were only observed when multiple members were knocked out . Our RNAi construct was designed with the intention only to target MtRR9, but because of high homology, other type-A RRs were also knocked down. Therefore, the observed lowered amount of emerged lateral roots on the RNAi roots are probably due to the combined knockdown of multiple type-A RRs, suggesting redundant functioning of these genes. Notably, a decrease in nodule number is also observed in knockdown roots. This seems like a paradox; because cytokinin is promoting root nodule formation, one would anticipate that downregulation of cytokinin inhibitor genes would promote root nodule formation. So far, we do not have a mechanistic explanation for this finding, although we anticipate that the positive effect of cytokinin on root nodule formation acts only transiently, subsequently resulting in a new auxin maximum in the developing root nodule primordium (Plet et al., 2011) . The three genes targeted by RNAi show opposite regulation by Nod factors; MtRR9 and MtRR11 were transcriptionally activated, whereas MtRR5 was down-regulated. This may provide an explanation for the observed phenotype because precise cytokinin signaling may be crucial for nodule development. Constitutive knockdown of MtRR9, MtRR11, and MtRR5 therefore may act negatively on root nodule formation as well.
Strikingly, the arrested primordia that are obtained in MtRR9 overexpression roots are composed of cells that originate from the cortex, endodermis, and pericycle. This observation made us to investigate the ontogeny of lateral root primordia in lotus and medicago. It was found that in both legumes, the cortical ground tissue also contributes substantially to this developmental process. Furthermore, we noticed that, to some extent, the spatial position of mitotically active cortical cells in lateral root primordia coincides with the spatial position of nodule primordia. This suggests that the potential to mitotically reactivate cortical cells is not an exclusive characteristic of Rhizobium spp. Nod factor-induced signaling but an intrinsic feature of these cells. However, the fact that root cortical cells are mitotically activated during lateral root development is not a legume-specific characteristic because it is reported for several nonlegume species as well (Tschermak-Woess and Dolezal, 1953; Mallory et al., 1970; McCully, 1975; Casero et al., 1996) . The precise function of the dividing cortical cells during lateral root primordium formation remains unknown. Two possible functions can be hypothesized. Either the redifferentiated cortical cells become an integrative part of the primordium; alternatively, these divisions facilitate lateral root emergence through the cortex. The latter hypothesis is proposed for plants that have multiple cortex layers (Péret et al., 2009) , including medicago and lotus, which have at least five cortical cell layers.
Besides MtRR9, other type-A RRs were shown to function in Rhizobium spp. symbiosis (Gonzalez-Rizzo et al., 2006; Vernié et al., 2008) . Although their exact molecular functioning remains elusive, we can now position MtRR9 and MtRR11 in the Nod factor signaling network. We demonstrate that these genes are transcriptionally activated upon Rhizobium spp. Nod factor signaling. This Nod factor-induced expression is not dependent on the GRAS-type transcription factor complex MtNSP1-MtNSP2, whereas it requires MtCCaMK/MtDMI3, a nuclear localized and calciumregulated kinase that functions upstream of the MtNSP1-MtNSP2 transcription factor complex (Kouchi et al., 2010) . Furthermore, we found that Nod factorinduced MtRR9 and MtRR11 expression requires de novo protein synthesis, indicating that Nod factorregulated gene products have a positive effect on the cytokinin signaling pathway. These could be newly synthesized enzymes involved in reallocation or metabolism of bioactive cytokinin. Such a presumed cytokinin signal is then likely perceived by the HK receptor MtCRE1, which has several type-A RRs among its downstream targets, including MtRR4, MtRR45, MtRR48, MtRR49, and MtRR411 (Plet et al., 2011) .
The identification of a novel gene pair involved in the Rhizobium spp.-legume symbiosis by using a phylogenetic approach based on the papilionoid-specific WGD provides a proof of principle for the feasibility of this approach. Therefore, we propose that this phylogenetic strategy can be used on a genome-wide scale to identify new (candidate) genes involved in Rhizobium spp. symbiosis, even when such gene pairs share redundant functions, which hampers their identification by forward genetic screens.
MATERIALS AND METHODS
Vectors and Constructs
MtRR9 and PtRR5 full-length genomic sequence and MtRR9 RNAi target sequence were derived by PCR amplification using the primers listed in Supplemental Table S1 . The genes were cloned into a pENTR-D-Topo vector (Invitrogen), creating pENTR1-2_MtRR9 and pENTR1-2_PtRR5. The CaMV35S promoter and terminator were cloned into a pENTR4-1 and pENTR2-3 (Invitrogen), thereby creating two modified pENTR clones: pENTR4-1_p35S and pENTR2-3_T35S. All three pENTR vectors were combined into the binary destination vector pKGW-RR-MGW by a multisite gateway reaction (Invitrogen). pKGW-RR-MGW contains pAtUBQ10:: DsRED1 of pRedRoot as selection marker (Limpens et al., 2004) . The MtRR9 RNAi target sequence was cloned into the DsRed modified gateway vector pK7GWIWG2(II) driven by the CaMV35S promoter as described by Limpens et al. (2005) . 35S:MtCRE1*[L267F] was used as described by Ovchinnikova et al. (2011) .
The putative promoter region of MtRR9 and MtRR11, approximately 2,500 bp upstream of the translational start site, was PCR amplified using primers listed in Supplemental Table S1 . The putative promoters were cloned into a pENTR-D-Topo, thereby creating pENTR1-2_pMtRR9 and pENTR1-2_pMtRR11. Subsequently, each promoter was recombined into pKGWFS7-RR containing a GUS-GFP fusion reporter as well as pAtUBQ10::DsRed1 as a selectable marker (Karimi et al., 2002) . All cloning vectors and constructs are available upon request from our laboratory or via the Functional Genomics unit of the Department of Plant Systems Biology (Vlaams Instituut voor Biotechnologie-Ghent University).
Plant Materials and Treatments
For the quantitative RT-PCR on type-A RR genes, medicago (Medicago truncatula) and lotus (Lotus japonicus) germinated seedlings were grown vertically on modified Fåhraeus medium agar plates with low nitrate [0.2 mM Ca(NO 3 ) 2 ] on top of filter paper for 48 h (Fahraeus, 1957) . Then, waterdissolved Nod factors (approximately 10 29 M; Sinorhizobium NGR234 Nod factors for lotus and Sinorhizobium meliloti Nod factors for medicago) or water as a control were pipetted on top of every root (Hussain et al., 1998) . Roots were exposed for 3 h; subsequently, 1-cm root pieces were cut just above the root tip and were snap-frozen (n = 15 Subsequently, root pieces were snap-frozen as described above. For all experiments, plants were grown in an environmentally controlled growth chamber at 20°C with a 16-h-light/8-h-dark cycle and 70% relative humidity.
Quantitative RT-PCR
RNA was isolated from snap-frozen root samples using the plant RNA kit (E.Z.N.A, Omega Bio-Tek) as described in the manufacturer's protocol. Complementary DNA was synthesized from 1 mg of total RNA using the iScript cDNA synthesis kit (Bio-Rad) as described in the manufacturer's protocol. Quantitative RT-PCR was performed using SYBR Green-based detection (Eurogentec). Experimental setup and execution were conducted using a MyIQ optical cycler, according to protocol provided by the manufacturer (Bio-Rad). All primers, including the genes used for normalization (MtGAPDH, MtPTB, LjATPS, and LjUBQ) are given in Supplemental Table S1 . As a control for the experimental set up of each Nod factor-induced sample, the induction of NIN in both medicago and lotus were checked and confirmed (data not shown). Data analysis was performed using Bio-Rad iQ5 software. Baselines were set at 100 relative fluorescence units to calculate the threshold cyclevalues. Threshold cycle values of 31 and higher were excluded from the analysis, although they were still checked for transcriptional induction (see Supplemental Table S1 ). A representative sample of three independent biological replicates is shown in all figures.
Plant Transformation and Nodulation Assay
Agrobacterium rhizogenes-mediated hairy roots transformation was used to transform medicago (Jemalong A17) as described in (Limpens et al., 2004) , with the adaptation that 0.2 mM Ca 2 (NO 3 ) 2 was used in Fåhraeus medium instead. Transgenic roots were selected based on DsRED1 expression. Three weeks after transformation, transgenic roots from promoter studies and ectopic expression studies were transferred to low-nitrate Fåhraeus plates [0.2 mM Ca(NO 3 ) 2 ]. MtRR9 RNAi and empty vector control plants were investigated for lateral roots and primordia 10 d after transfer to Fåhraeus plates. After transformation, MtRR9 RNAi and empty vector control plants were grown and inoculated for 3 weeks in perlite as described by Limpens et al. (2004) . pMtRR9::GUS-and pMtRR11::GUS-transformed plants were inoculated and grown in perlite in the same way. The differentiation zone (at approximately 0.7 cm above the tip) of pMtRR9::GUS and pMtRR11::GUS transgenic roots were exposed on Fåhraeus plates for 3 h to 2-to 3-mm-thin slices of Nod factor (10 29 M) or deionized water dissolved in low-melting point water-agarose, respectively. Afterward, these roots were fixed and sectioned as described by Limpens et al. (2005) . Histochemical GUS staining was performed as described in Supplemental Protocols S1. pCaMV35S::MtRR9 and pCaMV35S::PtRR5 roots were investigated for lateral roots and primordia 10 d after transfer to Fåhraeus plates. Primordia were fixed and sectioned as described in Supplemental Protocols S1. All statistical tests were executed using SigmaStat software version 3.5 (SYSTAT Software).
Phylogeny
The phylogenetic trees were reconstructed using the maximum likelihood method implemented in the software PhyML version 3.0 (Guindon and Gascuel, 2003) . More details are described in Supplemental Protocols S1.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number JQ013379.
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Supplemental Figure S1 . Phylogenetic analysis of genes encoding components in the cytokinin phosphorelay pathway.
Supplemental Figure S2 . Quantitative RT-PCR of medicago type-A RR genes upon Nod factor application.
Supplemental Figure S3 . Number of emerged lateral roots per pCaMV35S::MtRR9 transgenic medicago root.
Supplemental Figure S4 . Number of primordia per pCaMV35S::MtRR9 transgenic medicago root.
Supplemental Figure S5 . Primordia on roots of medicago in between emerged lateral roots as a result of constitutive expression of MtRR9.
Supplemental Table S1 . List of primers.
Supplemental Protocols S1. Supplemental protocols.
Supplemental File S1. File with sequences in Fasta Format "sequences. fas".
